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) TRODUCTION AND CONTROL OF ION CYCLOTRON INSTABILITIES
- IN THE HIGH LATITUDE IONOSPHERE BY HIGH POWER

RADIO WAVES
I. INTRCOUCTICN
I~ i35 aow recoznized tihat many of the phenomena occurring in tne
auroral ionosphere may 2e associated witih the presence of the field-aligned
current-systems which are a constant feature at these latitudes [see e.g.,
Burke, 1981.. In addition to being a key component of the ionosphere-~
magnetospnere coupling circuit, these currents may also be presponsible in
generating micro-and/or macro-structures (turbulence) in the ambient
plasmas at low altitudes. Such structures nave been observed by various
measurement techniques (ground based 1ionosonde, VHF radar backscatter,
optical measurements, scintillations, in-situ rocket and satsllis
measurements, etec.) A catalcgue cof the structure scale sizes spans the
demain from a few metéers to a Sew hundreds of kilometers [see e.g., Aarons,
1973; Clark and Raitt, 1976: Dyson, 1969; Dyscn and Winningham, 1974;
fremouw 2t al., 1977; Greenwald, 1974; Hapuise'et al., 1981; Hower et al.,
1966; Kelley =t 2al., 1980; Ogawa et al., 1976; Olesen et al., 1976; Phelps
and Sagalyn, 1976; Sagalyn et al., 1974; Vickrey et al., 1980; veaver,
19457, Recent theoretical studies have attempted to interpret tnese
structures in terms of plasma instabilities, neutral turbulence, structured

Lait]

rarticle crecipitation, convection {lows, etc. (Xeskinen and Ossakow,

. Jue ©0 the ever-varying conditions prevalsant in the aurcral

icnosphere, 1t seems likely that all of these processes méy be ccouring at
ne time <r another. In some instances, 4different prccesses can resuls in
s5imilar  observable 2affects wnich makes the resoluticn >f inadividual
m2chanisas Jdifficult  and  introduces complications in the modelling

Drocess. The use of active experiments in the nrear-earth space offars an

Manuscript approved July 29, 1985.
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agttractive complement to tne studies of understanding c¢f natural plasma

processes occurring in the ionosphere. One technique that nhas been widely

used s the modification of tne ionosphere using powerfu: radio waves
[Utlaut, 1970; Fialer, 1974; Thide et al., 1982; Stubbe et al., 1981; Wong
et al., '931 A considerable amount of theoretizal werk nas been dcne in
this field [Perkins and Kaw, 1971; Perkins et al., :974; Fejer, 1979;
Vaskov and Gurevich, 1977; Das and Fejer, 1979; Stenflo, 19832. One of the
possible consequences of the interaction of a large amplitude EM wave wWwith
the Iionosphere is the generation of structures in the ambient plasma
Jdensity. This may come about several ways; one c¢f them being the
excitation of plasma instabilities by an electrcmagnetic pump wave under
sub-threshcld conditions. By the same token, one could use the same
arinciple of parametric coupling of the external pump and the natural
2lasma modes to suppress a current-driven or gradient-driven plasma
instability in the system. Work on basic parametric instability processes
in plasmas i3 exhaustive [Silin, 1965; DuBois and Goldman, 1965; Nishikawa,
13637, The application of these ideas to the possible control of
ionospneric irregularities was originally made by Lee et al. [1972] for the
2ase of equatorial electrojet; and, has since been applied for the
equatorial spread F situation ([Bujarbarua and Sen, 19738] and the auroral
ionospnere [Keskinen et al., 1982]. In this report, we examine the

o

p03sibility of extsrnal control {(excitation or suppression) of the current-
driven lon-cyciotron instatility in the auroral ionosphere. In addition to
neing excited in the %orside ionosphere [Xindel and Xennel, 1671], the
current-driven icn c¢yclotron instabtility may 3130 be trizgered in the
eollisional bottomsile ionosphere Chaturvedi, 1976; 3atyanarayana et al.,

2y a2 radic=-wave at ttne 1ocal upper=hydrid

Lo

13345, Tejer ot al., 1984

frequency. n the next section, we cutline the *%theory, and, estimate the
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incident power densit required to stabilize or destabilize the
y

instability. The final section considers application of tnese results to

the bottomside high latitude F region ionosphere.

IZ. THECRY
. We follow the theoretical procedure outlined in Lee et al. [1972] and
Xeskinen et al. [1983] for the calculation of the dynamic plasma response

to a large amplitude electromagnetic pump wave. The equilibrium consists

cf a field-aligned current JO§[= - nOeVOE) and an oscillating electric
o= Eo cos wot. We have equated the 2zero-order current to an

equilibrium electron drift VOE and have used the so-called dipole

field E

-~

approximation for the pump wave which is valid when the wavelength of the

-1

perturbations (~ k¥ ) is considered much smaller tnan the scalesize of the

'

variaztion cf the pump-field (kal), i.e., ko << kK. We shall use the two-

fluid equations in describing the electrcn - and ion - fluid dynamics,

3
-— | . NV = 1
ot Na v (Va—a) 0 (
. ( v X B3
2 (2 + 7 = - =) - UM N 2)
IaMukat " la ija VPa z eNa\E . c ) va”aNaia (2.
P =NT (3)
a aa
¢« T = Q(l\. - ) e
7+ 2= dne{l, \Je) (4)
We initially issume cold ions (T, = 0). Later, we will present results that

include the ion-tamperature effants (Ti = 0). In 2g. (")-(4), ™M,N,7,P,T
denote <tne mnass, number density, velocity, pressure, zand tamperature,

resp2etively, af the species a; vy is the coiliaion frequency of

3
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species a with tne neutrals, and =2,c, E, and 3 represent =lectric cnarge,
veloclity of light, electric field and magnetic field, respectively. Since
we restrict tnis study to bottom-side altitudes we take Vig $ Vg

whers v, . 13 the lon-Ion c¢cliision frequency and Vig the ion-neutral

collision freguency. In 2quilibrium, Wwe have

PN
.
<%
-
<
+
-~
—
]
(]
n
~

e iaoxé
O =z & S LA S M - 9 A
0 *a (EO + S ) veloo quo/maNa (9)
Yoo e !xp x 2
— - s == (g P SN B 1 /
dt I (:p D ’ aiap 7

refer t0 drifts induced Ty ¢the ambisnt and
oump i4s, respectively. Note thnat egq. (7) describes the approximate

equilidrium oscillatory motion of plasma particles under the action of the

IF e2lectromagnetic fisld. Linearizing (1) - {4) for perturbdiations,

R Af PRah - 3y T o . . 3
7,7 T, T 3, and assuming 5T, << L0 e ohtain
3
=— Sn_ + ¥ + vV «+ 985n  + 8v. o« YN, + N TV o S5y =10 b
5% 2 -a0 —uo) 3 0 2 -
aa«q o v x 31 Vdpl
- ~ r—r‘ - - "
- + (y v Y e Tdy = 4 =[3E + j - - v 3v (3)
ot —0 —np — -mo-T=- o} o N Q=
X a 0
7 « 8% = 4Y4mel3n, - 643} (10) .

It 13 convenient to transform 2 an oscillating fram2, d2fined by
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The »lasma juantities in the oscillating frame are
.= ~. i 1 . . ) . . . .
SHE £ = sr (e s ) where the prime denotes the oscillating frame
quantities. Equations {3) - {3) ars similar in the oscillating frame, with
; : : , \ = R .~ R = -~
substitutions (V +V j»V ,8n »d4n ., 8y + 46v , 3E +» fEandr »r .
ad ap a0 a ol - - - - - -
Assuming a harmonic perturbation, exp [1('5 . ﬁ—a - mtJ] with ¥ = (k X +
ky;/ + x,z) and w = w, *+ 1Y, we may comdine (3) and (9) and write
iK;
o Ao = RN
Sn_= SE, (12a)
e e
- KXi -
dn, = =~ i —= §E {12b)
: e
Anera
, 2 2 2 2
(w /k ) I
pe , 2 1
s - (- = =)
e 22 2 2 2 2 (13)
vk L VK w Q ~w
-~ e z e | e
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e 2 2
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Ae have used VNO = 0, o= 0 in deriving (i12) =~ (14}, Cne nzw transforms
back to tne laboratory frame and writes down the IJispersion rslation for

the modes by using the Poisscn's 2guation. This transfcrmation nas bdeen

R -~ H - T oA ~ 7 - 3 P F. . ~ 3 B -~ $ - - E 3 3
iizouss2? in Lee =2t al., _1972], znd the iispersion r=2lation, %nus 2biained,

r]*JW‘;(.*X}]=~J2:,)4‘n'( 1+'4~.r‘(){ L — s
: t 2 1 He(w+J rie{u__,r'
NOSTe b, = w L owy  and,
!
’ N : 7 (T ijcos3 . reg
! A NG = 2 cosnbde V0
1 T ‘
& ’
b."
NI L3 Iefined DY K o+ 3 0= g alnkwgb 3), and, He = T e
\ “a

{_,+ o2z tnat w2 have ignored the effsct of the pump wave on ions and
nave usel sne aporoximnation 7 << 1 in deriving {15} which states that the
122%ron 2xcursion  langtn in the 2ump fleld is  smallsr than the

T2ULurhlnion Waveilanguin. in absence of the pump Jield, tae left nand siage

%Y the dispersion relation fcr icn-cyclotron  wWaves

il 2 v,
> > . 202 s K - : /
e v: oL -~ [r =t —= - i 3 (1 + § —=) = 1
3 L. .'2~ [.3 < 1 . ;'(2 \)e[u) <213JJ\1 i .,v.)) J a7
4

Wrnlin 1e32rites a2 r2sistive lon-cevelotron instability for modes with real

aleial

»
»
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ind Irowth

“hera :S‘ = Te/m;. An appiliication of this instability for tne aurcral

. ionospnere has recently been discussed by Satyanarayana et al. [1985].

cally, the instability 1is related to the dizsipative effect c¢n

r

Zhy

w

2lectrons in their parallel motion which 1impedes ¢the "instantaneous"
redisctribution of the electron fluid to a Boltzmann-like distribution in

the wave potential. In the collisionless limit, the dissipation is due tc

tne wave-particle (Landau) resonance [ Drummond and Rosenbluth, 1962], wnhile
in the collisional case, it is caused by the electron collisions witn ions
“or neutrals) [Chaturvedi and Xaw, 1975]. When the electron drift veloeity
axceeds tne parallel wave phase velocity, the electrostatic ion cyeclotron
(EIC) wave becomes unstable.

In the presence of the pump-wave, the dispersion relation (17) is

nodiliad to

o s w0 )% - a) - 1%l e (mm (0 - (C®)al) T (w5 ) (a2 - %)
pe 3 2 A e 2
V.,
‘ (1 +*:¥)]=A (19)
¢
3
. R
b aaian zivas
- .
- wf = “2 + xch + A (20)
IS - 3

-]
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« k%2 2) -
{ Py’
sin y) (23)
.-
cosiy |}
oy
Yere, Ihe sump wave i3 taken as _Lsze at al., 1972]
= - X - ) -
- oX N cy . P 02 ; : L0 -
= =STexpl-~ lw.tjx + =Zfexpl- iw.t ~ 1ujy * STexpl~ iw.tiz + c.c. t243
=D -2i v =<l V) 2i .

S

“ihera,

5z iz included a3 W& are considering mcdaes With k_ = O We nave
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2zed 2 /v > k/K ., wo > Y, v, , and, ° > A/Q7, in deriving '2C) - [21). de
e z r

in 1

can raewrite the modified zrowth rate of the mcdes as

Fo2 2.
2 v 2 v 2,05 tw_Tw . Jd
vos KBy o3 o, 1K 2int/ie) tToerpi L UL /2)
B o) DA iy vl ) > -/
22, "z’ : i 22 T = 2 _2» s
x5 Ya 2k e T, (59 + 27)
- ~ kS

Jdenctes ths linear growth contributicon in absence <of the pump-
Tield while2 Y _ represents %tne modification intrcduced by the pump. We havs
agzin used 7 << 1 in gcing from (21) to (25). We see from inspection of
{287 that the presence of the pump can be stabilizing (destabilizing)

w. < Ae note that similar criteria

{7350 (< 2), or, when 0 quJ.

> W,
0 uH(
Wwere also obtained by earlier workers [Lee et al., 1972, Bujartarua and

3en, 1378, Xeskinen et al., 128317,

1 similar

)
™
[§)]
(o]
Tt
Ui
o
3

we can  treat the Cinite lon temperature e
iznizcn. Since the lon-cyelotron instability has maximum growty rate in
“ne  iloncsphere near < o, ~ 1, {Satyanarayana et al., 1985; Kindel and
Xennal, 13711 cne needs ts use the kinetic (collisionless Vlasov-3cltzmann)
2quation for ions [Jum and Dupree, 19707. In this case, the modified

Jiszersion relation beccmes,

ve
- b (5e—=a)
r ‘e”e 2 wpe ¥s wl t2
T O I R e H=2 DY = h-wr=%e" !}
ESERNRERE PR 22’ 1(8) 5> ——— 1 Q. ;
K v v (8§ + 3 ] i
z e e
: 1 ¢~
- i{v.72, )] (22)
1 i
Anere,
2 2
T w - Q -u kK v
e - X _L 2
=== Jirtw) =T tude oa o= (27
] £ v oo nooa A 2
1 z - 2
a

a2t e/ Aagh S iuc B it SleaeReine e s e




T~ -ae icsence of tne tump wave, this expression yields the ion-gyclotiren

i_agersion re2lation,

Vo -
= %1 . B R 27 .z owt <t r~ 2Ly
407 * ! "‘f‘uT L D ; T .Q— 2 JTe VS "L/.' N
L i < '/; i b
pA

snion yialds the exgressions for the real frequency and the growth rate

= gLy v T,
uur‘ s L 11 =
v_w w 2 -
) r e - r -t 2 2 BN
Y =-=-Q.7,,1t1 ),)*'\/TT - FT"e Jmove mov koo, {29)
; Lol .K._‘,r_ :/ i L 11 J_ 1
Z 2

Jnere thne second tarm in (29) in the expression for Y results from the ion-

Lancau damping and wWe have added a contribution {1zst %term) due to ion-

7iscous damping [Dum and Dupree, 1970] for completeness. The collisional

isn-cvcictron instability deseribed by (29) may have relevance for the

sncrt wavelengtih cbservations (such that k!pi ~ 1) of lion-cyeclotron wavas
e

at ilow isnoscheric altitudes [Bering, 1984; Satyanarayana et al., 19385].

™e inclusion of pump wave effects in equation (28) 1leads o

vy

aodificarion of {(29) in the form given by

I3 , A 1
- A - a Yo
‘“,,._"':Ll *’-g;'.T* B) s)
; i i . 2
KTV,
: (20
. Vi
{ = Y = (T I Y
= . . i ~ AT
- 11 [V (A4
I X 7
2 e

cr
oy
L

wnere A and Y. are given by (22) and (29) respectively. e 32e that

-

Sumo wave is rabilizing {destabilizing) Sor § >0 (<0, i.a.,

et e e o RSN
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with the upper hybrid frequency can lead to the artificial production or

cntrol of ion cyclotron instabilities in a ccllisicnal plasma. The bdasic

Q

chysical mechanism of this process can bYe expressed as follows. The
2lectromagnetic pump wave with frequency Wy interacts with low frequency
ion cvelotron modes w and drives sidecands at w * W These sidebands
can, in turn, couple %0 the pump fields and nonlinearly affect the lion
2ycliotron modes. This interaction is ponderomotive in nature. nowever,
che partial pressure force (Fejer, 1979) can also play a role depending
dpon the k. of the sidebands. Fejer [1979] nas shown that the partial
cressure force exceeds the ponderomotive force roughly

\

“nen A > 44 | Wwhere A_ Is the electron mean free path. ror the

1 e 2

¢ollisinnal ZIC, (k’/kl) ~ 3.06, (klp ) = 1.5 and A, ~ 1 xm. LSatyanarayana

W

t 3l., 18857, whica implies, Aa <AL Thus, for the ion=-cyclotron modes,

T

ne sredominant pump-wave—induced parametric effects are likely to be of
porderomotive force-like in nature. For parameters typical of the high
iztitude ionosphere, we find that icn cyclotron modes can be stabilized or
destabilized with an incident pump electric field on the order of 0.1
/. The polarization of the pump wave snould be O mode. These power
density lavels could be accessidle using the ionospheric heaters in Alaska
(Wong et al., 1981) and Norway (3tubbe et al., 1981).

We have nade several simplifying assumptions in the course of this
gaper, We nave 3zssumed the dipole approximation, i.e., taken the
wavelength of the pump wave -~ k—1 to be much larger than the wavelength of

P
the ion cycleotren modes k-1. Since k;1 - 100's m and k_1 S Py 19 m, tuis
assumption is valid. In addition, we have neglected pump electric field

swelling near the reflection point (Ginzburg, 1964) and, as a result, our

“aresiacld pums electric fields should be considered as lower bounds.

12
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